Introduction
It is estimated that millions of pediatric concussions occur annually in the United States alone (DePadilla et al., 2018) . Although many pediatric concussion patients recover relatively quickly, a recent large-scale study demonstrated that approximately 30% of these patients develop persistent post-concussion symptoms (PPCS; i.e., lasting 4 weeks or more; (Zemek, 2016) ). PPCS are heterogenous and non-specific and include cognitive, neurosensory, and emotional symptoms that can negatively impact overall quality of life (Novak et al., 2016; Yeates et al., 2009) .
Emotional symptoms following brain injury may be especially troubling as they are associated with greater cognitive impairment and worse outcome (Ellis et al., 2015; Haagsma et al., 2015; Levin et al., 2001; Rapoport et al., 2003; van der Naalt et al., 2017) .
Alterations in the processing of emotional or affective stimuli have also been documented following brain injury. For example, a meta-analysis of 13 studies of adult patients with moderate to severe traumatic brain injury (TBI) found facial affect recognition deficits in TBI patients relative to controls (Babbage et al., 2011) . Similar findings of impairments in facial emotion recognition have been reported in adolescents and children with TBI (Schmidt et al., 2010; Tonks et al., 2007 Tonks et al., , 2008 Turkstra et al., 2001) . There is some evidence that concussion and mild TBI (mTBI) may also be associated with alterations in emotional processing and regulation.
Complicated mTBI patients had impaired recognition of fearful faces relative to controls, though uncomplicated mTBI patients did not (Drapeau et al., 2017) . In another study, collegiate athletes with at least two prior concussions were significantly worse at recognizing negative facial emotions relative to asymptomatic athletes without prior concussion (Léveillé et al., 2017) .
Functional abnormalities during emotional processing tasks have also been demonstrated following brain injury. Electrophysiological studies have shown various alterations in cortical processing of emotional expression in athletes with two or more prior concussions (Carrier-Toutant et al., 2018) , in military personnel with mTBI (Zuj et al., 2017) , and in children and adults with mTBI (D'Hondt et al., 2017; Drapeau et al., 2019) . Task-based fMRI studies have also shown abnormalities associated with emotional processing. Greater bilateral amygdalae activity was observed in veterans with previous blast injury and current major depressive disorder (MDD) relative to veterans with prior blast injury and no MDD (Matthews et al., 2011) . Reduced activity in the left superior parietal gyrus and bilateral orbitofrontal cortex was observed in response to fearful faces in mTBI patients two weeks following a motor vehicle collision (Wang et al., 2017) .
One relevant small study, however, reported no significant differences in activity in response to emotional go-no-go tasks in adolescents with elevated depressive symptoms following concussion relative to those without elevated symptoms (Ho et al., 2018) . Finally, differences in amygdala reactivity to emotional faces (i.e., typically elevated activity) have also been reported in a variety of psychopathologies in adolescents characterized by emotional symptoms that are commonly observed in patients with PPCS (Demenescu et al., 2011 (Demenescu et al., , 2013 Ferri et al., 2014; Peluso et al., 2009; Prater et al., 2013; Yang et al., 2010) .
The goal of this pilot study was to determine the effects of pediatric concussion with and without PPCS on amygdala activation in response to emotional faces using a common perceptual emotional matching fMRI task (Hariri et al., 2002) . A priori analyses focused on the amygdala due to its central role in facial expression recognition (R. Adolphs et al., 1995) and emotional regulation (Banks et al., 2007; Demenescu et al., 2013) . The amygdalae also have known sensitivity to brain injury and concussion due to the high shear strain that affects medial brain regions and the proximity to the sphenoid (Beauchamp et al., 2011; Bigler, 2007; Wilde et al., 2007) . Based on this and the aforementioned literature on other psychopathologies that share similar symptoms with PPCS, we hypothesized that adolescents with PPCS would have elevated amygdalae activation in response to emotional faces compared to concussed adolescents without PPCS and healthy controls.
Methods
The Children's Hospital of Wisconsin Institutional Review Board approved all aspects of this study. Minors provided written assent; adults and parents of minors provided written consent.
A total of 36 adolescents (ages 14-18) with concussion were recruited from a local concussion clinic (n=32) or the community (n=4) and are included in the current study. Concussions were diagnosed based on criteria outlined in the Zurich Consensus Statement of Concussion in Sport (McCrory et al., 2013) . Concussed patients completed visits at least four weeks following injury to align with prior definitions of PPCS (Zemek, 2016) . Patients reporting persistent symptoms at their visit were classified as having PPCS (PPCS+; N=23), while patients no longer reporting persistent symptoms were classified as PPCS-(N=13). Symptom presence was determined based on a combination of factors including whether the patient's healthcare provider had declared them fully recovered from their injury, the Sport Concussion Assessment Tool -3rd Edition symptom checklist scores, and/or a subjective report of the percentage that participants felt they were recovered relative to how they felt before their injury. Non-injured adolescents (n=15; age [14] [15] [16] [17] [18] with no history of concussion were recruited from the community and served as healthy controls (HC). Exclusion criteria for all participants included history of moderate or severe TBI, history of psychiatric disease, autoimmune disease, neurodevelopmental disorder (e.g., ADHD), neurological conditions (e.g., epilepsy, migraines), endocrine disease, cardiovascular disease, use of neuroactive medications unrelated to PPCS (e.g., antidepressants, anxiolytics), or contraindications to MRI. For concussed adolescents, injuries occurring during assault or motor vehicle accidents were also excluded; diagnosis of de novo psychiatric disorders following concussion was not exclusionary.
Clinical Battery
Demographic and health information were collected, including self-report of Tanner stage development and an estimate of household socioeconomic status (SES). A battery consisting of cognitive measures, concussion symptom assessment, and psychological measures was administered. The Wechsler Test of Adult Reading (WTAR) was used to estimate premorbid intellectual functioning. Neuropsychological deficits were assessed using the Wechsler Adult (PHQ) to measure depression, and the Snaith-Hamilton Pleasure Scale (SHAPS) to assess anhedonia. The Sport Concussion Assessment Tool -3 rd Edition (SCAT3) symptom severity score was used to assess concussion symptom burden. Concussion patients also self-reported the percentage that they felt they were recovered relative to how they felt before their injury; this metric was used as a subjective measure of recovery (percent recovered).
Emotional Processing Task
Two runs of an emotional face processing task adapted from Hariri and colleagues as part of the Human Connectome Project was used to elicit amygdala activity (Barch et al., 2013; Hariri et al., 2002) . Stimuli were presented on a back-projected screen using E-Prime Software.
Participants were presented with alternating blocks of trials of either emotional faces (i.e. angry or fearful) or shapes during which participants were asked to match one of two faces/shapes at the bottom of the screen to the face/shape at the top of the screen via a MR-safe button box response.
Six trials of each stimulus (i.e., faces or shapes) were presented per block. Each trial consisted of a 2000 ms stimulus presentation and a 1000 ms inter-trial interval. Prior to each block, a 3000 ms cue period was presented, resulting in a total block duration of 21 seconds. Three face blocks and three shapes blocks were presented for each separate run, with an 8 second count down followed by a 12 second fixation period at the beginning of each run and an 8 second fixation at the end of each run.
Imaging parameters and processing
Imaging data were collected on a 3T GE MR750 scanner using a brain-dedicated 32channel receiver coil. Due to an upgrade in scanner software version, two similar protocols were deployed over the course of the study. Task data were collected across two runs using gradientecho echo-planar imagine (EPI) sequences with the following parameters: hyperband acceleration factor = 8, TR/TE 720/30 or 720/22 ms, flip angle = 50 degrees, FOV = 210 or 208 mm, acquisition matrix = 104 x 104, slice thickness = 2 mm, plane of acquisition = sagittal or axial, phase encode direction = P>>A . Reverse phase-encoded scans were collected to allow susceptibility-induced distortion correction. A high-resolution T1-weighted structural image was collected for anatomical reference (1x1x1mm 3 resolution). In addition, T2-weighted, T2-weighted fluid-attenuated inversion recovery, and susceptibility weighted images were collected to identify potential traumarelated pathology. Board-certified neuroradiologists, blinded to diagnosis, identified acute (i.e., trauma-related) or non-acute findings that prompted recommendation for clinical follow-up, as in our prior work (Klein et al., 2019) . Parameters for anatomical scans are provided in the Supplementary Material. MRI data were processed using Analysis of Functional NeuroImages (AFNI) software unless otherwise noted (Cox, 1996) . Structural images were skull-stripped using a union mask of segmented gray and white matter from Statistical Parametric Mapping 12. The resulting skullstripped brain was registered to the MNI-152 template using an affine registration followed by non-linear warp using FMRIB Software Library (FSL; (M Jenkinson et al., 2012) ). The first 27 volumes from each task run were removed to allow for stabilization of longitudinal magnetization and to account for auto-calibration data. The AFNI program 3dDespike was used to remove spike signal artifacts from each time series by interpolation of data from neighboring time points. FSL topup was used to correct for susceptibility-induced distortion (Andersson et al., 2003; Smith et al., 2004) . All volumes from both task runs were registered to the first volume of the first run to account for head motion. FSL's FLIRT was used to calculate a 6 degrees-of-freedom registration between the first EPI volume of the first task run and the structural scan using the boundary-based registration cost-function (Greve & Fischl, 2009; Mark Jenkinson et al., 2002) . This matrix was concatenated with the structural-to-standard template registration matrix to create a single transformation matrix that was applied with a non-linear warp to bring each task run to standard space with 2 mm isotropic resolution. EPI data were spatially smoothed using a Gaussian blur of 4 mm and each voxel was scaled to mean of 100. For each participant, task data were modeled with a generalized least squares model to account for temporal autocorrelation using the AFNI program 3dREMLfit. Responses to faces and shapes were modeled by convolving 21 second block stimuli (via AFNI BLOCK model) to face blocks or shape blocks with a canonical hemodynamic response function. Motion parameters and their first derivatives were included as nuisance regressors, along with linear drift. Volumes with excessive head motion, calculated as Euclidean norm of the six motion parameters greater than 0.3, were censored from analyses with the preceding volume. The contrast of faces versus shapes was calculated for each participant.
The Automated Anatomical Labeling atlas (version 2) was resampled to 2 mm isotropic voxels and used to define left and right amygdala for a priori region-of-interest analyses (Rolls et al., 2015; Tzourio-Mazoyer et al., 2002) . The mean beta weight corresponding to the faces versus shapes contrast was calculated for the left and right amygdalae of each participant. The left and right pre-central gyri were defined as negative control regions-of-interest as no stimuli specific activity was expected in these regions.
Statistical Analysis
Statistical analysis was conducted in SPSS v24. Group differences in demographic variables and injury characteristics were assessed using analyses of variance, chi-square tests, Fisher's Exact tests, Mann-Whitney U tests, or Kruskal-Wallis tests as appropriate. Generalized linear models were fit to assess group differences in self-reported symptom severity, cognitive measures, psychological measures, and task performance variables using either normal, Poisson, or negative binomial distributions (e.g., for count data) based on goodness of fit parameters. For amygdala activity, a repeated measures general linear model was performed with hemisphere (i.e., left and right hemisphere) as a within-subject variable and the between-subjects variables of group and scanner software version. Due to group differences in task performance (see Results), sensitivity analyses determined if group effects on amygdala activity changed with the inclusion of accuracy and response time as additional covariates. Associations between psychological measures and amygdala activity were limited to the PPCS+ group (see Results) and were assessed separately for each psychological measure using a repeated measures general linear model with hemisphere as a within-subject variable and controlling for scanner software version. A nominal significance level of alpha=0.05 was used for all analyses.
Finally, a secondary voxel-wise general linear model assessed the effect of group on the faces versus shape contrast in gray matter, with scanner software version included as a covariate, using AFNI's 3dMVM program (G. Chen et al., 2014) . For the voxel-wise analysis, Monte Carlo simulations (10,000 iterations in 2 mm isotropic space) determined the necessary correction for family-wise error rate of p<0.05 based on the smoothness of the residuals, which were estimated using a non-Gaussian, spherically symmetric autocorrelation function in AFNI (smoothness parameters = 0.72, 2.77, and 5.87, effective FWHM=6.59, voxel p value = 0.001, first-nearest neighbor clustering, minimum cluster volume = 177.6 L).
Results

Demographics and Clinical Data
There were no significant group differences in sex, race, ethnicity, age, SES, puberty status, WTAR scores, head motion during the emotional processing task, or scanner software version (ps>0.10; Table 1 ). Additional information for concussed patients (e.g., cause of injury) can be found in Supplementary Table 1 . Similarly, the time since injury and the percentage of concussion patients with loss of consciousness, retrograde amnesia, or post-traumatic amnesia did not differ between PPCS+ and PPCS-(ps>0.10). By design, PPCS+ patients reported significantly lower percent recovery relative to pre-injury baseline compared to PPCS-patients (p<0.001), while PPCS+ and PPCS-had significantly more prior concussions than HC (ps=0.001).
As expected, there was a significant effect of group on symptom severity scores (p<0.001; Table 1, Table 2) , with PPCS+ reporting more severe concussion symptoms than PPCS-and HC (ps<0.001). There were also group differences in all psychological measures (ps<0.01). PPCS+ patients reported significantly higher depression symptoms (PHQ-9) and more symptoms of general psychological distress (BSI-GSI) relative to both PPCS-and HC (ps<0.05). PPCS+ patients also reported more anxiety symptoms (GAD-7) relative to HC (p<0.005) and a nonsignificant trend for higher anxiety symptoms relative to PPCS-(p<0.10). PPCS+ patients reported significantly greater anhedonia (SHAPS) relative to PPCS-(p<0.005) and a non-significant trend of greater anhedonia relative to HC (p<0.10). There were no significant group differences in cognitive performance (i.e., Trails A, Trails B, WAIS-PSI; ps>0.10). Finally, board-certified neuroradiologists did not identify any acute, trauma-related findings on anatomical MRI measures in any participant. For descriptive purposes, Spearman correlation coefficients of clinical measures and task performance are reported in Supplementary Table 2 .
Task Performance
There were significant group differences in both accuracy and reaction time on the emotional processing task in the scanner (ps<0 .05; Tables 1-2; Figure 1) , with PPCS+ performing less accurately and more slowly than PPCS-and HC (ps<0.05). The group difference in task accuracy was still significant when excluding the outlier in the PPCS+ group (p=0.008), with lower accuracy in the PPCS+ group relative to PPCS-and HC (ps<0.05).
Emotional Face Activity
The repeated-measures general linear model for task-related amygdala activity (i.e., faces versus shapes) found a significant effect of group (F(2,47)=5.68, p=0.006,  2 =0.20), with PPCS+ having significantly lower amygdala activity in the faces versus shapes contrast relative to HC (p=0.002) and a trend for lower amygdala activity relative to PPCS-(p=0.08; Figure 2 ). There was no significant hemisphere effect (F(1,47)=0.34, p=0.56,  2 =0.007) or group-by-hemisphere interaction (F(2,47)=0.60, p=0.55,  2 =0.02). Sensitivity analyses showed that the group effect remained significant (F(2,45)=4.04, p=0.02,  2 =0.15) when controlling for task performance (accuracy and response time), with significantly lower activity in PPCS+ relative to HC (p=0.007), as in the primary analysis. Exploratory general linear models conducted for left and right hemisphere amygdala activity, separately, showed a significant group effect for right (F(2,47)=6.90, p=0.002,  2 =0.23) but not left amygdala activity (F(2,47)=2.22, p=0.12,  2 =0.08), with PPCS+ having significantly lower activity in the faces versus shapes contrast in the right amygdala relative to HC (B=0.20, SE=0.05, p=0.001, 95%CI[0.09, 0.30]) and PPCS-(B=0.11, SE=0.06, p=0.049, 95%CI[0.00, 0.22]). Parenthetically, we note that the effect of group was significant for the left amygdala with the exclusion of the two PPCS-participants with the lowest face versus shape beta weights (p<0.05; see Figure 2 ), although these points were not extreme outliers (<3 standard deviations from the group mean).
The repeated-measures general linear model for task-related pre-central gyrus activity (i.e., faces versus shapes) found a significant effect of hemisphere (F(1,47)=22.99, p<0.001,  2 =0.33), with greater task-related activity in the right than left pre-central gyrus. There was no significant group effect (F(2,47)=0.42, p=0.66,  2 =0.02) or group-by-hemisphere interaction (F(2,47)=0.33, p=0.72,  2 =0.01).
Voxel-wise analyses found no significant main effect of group in the faces versus shapes contrast with appropriate multiple comparison correction (family-wise error p>0.05). Brain activity associated with faces versus shapes across all participants is shown in Figure 3 . Greater activity to faces compared to shapes was observed in bilateral amygdalae, inferior frontal gyri pars orbitalis and pars triangularis, posterior orbitofrontal cortex, and frontal medial orbital cortex.
Greater face-related activity was also observed in visual cortex, including bilateral lingual gyri, fusiform gyri, inferior and middle occipital gyri, and cuneus. Greater shape-related activity was observed in bilateral inferior parietal lobules, supramarginal gyri, middle frontal gyri, insula, Rolandic operculum, middle cingulate cortex and caudal anterior cingulate cortex.
Associations of Amygdala Activity and Psychological Measures
There were no significant associations between amygdala activity and psychological measures in PPCS+ (ps>0.05; Table 3 ; Figure 4) , though there was a non-significant trend of greater anhedonia scores being associated with lower mean amygdala activity (F(1,20) =3.11, p=0.09,  2 =0.14).
Discussion
This pilot study investigated the neural correlates of emotional face processing in concussed adolescents with and without persistent symptoms as well as non-injured controls. As expected, adolescents with PPCS had elevated psychological symptoms including depression symptoms, anxiety symptoms, anhedonia, and general psychological distress relative to concussed adolescents without PPCS and/or uninjured healthy controls. Adolescents with PPCS also had significantly decreased bilateral amygdala activity to emotional faces compared to healthy controls; an effect largely driven by right amygdala activity. Importantly, this difference held when controlling for group differences in task performance. These pilot results suggest that amygdala hypoactivity in response to emotional faces may be a biomarker for persistent symptoms following concussion in adolescents and highlight the possibility that PPCS is associated with functional abnormalities in emotional processing.
The effects of concussion with and without persistent symptoms on emotional face processing are not well studied. Given the dearth of prior studies, we hypothesized that adolescents with PPCS would have elevated responses to emotional faces based on observations of amygdala hyperactivity in psychopathologies with symptoms similar to those reported in PPCS (e.g., pediatric depression) (Demenescu et al., 2011; Ferri et al., 2014; Prater et al., 2013; Yang et al., 2010) . Although concussed patients with PPCS had elevated depression symptoms, anxiety symptoms, and anhedonia, contrary to our hypothesis, they also had decreased amygdala activity in response to emotional faces. Moreover, although it was non-significant, greater anhedonia in concussed patients with PPCS was associated with lower amygdala activity. Thus, current results suggest that the neurofunctional underpinnings of mood dysregulation following concussion are distinct from major depressive disorder despite the overlap in symptoms and the known associations between brain injury and depression (J. K. Chen et al., 2008; Ellis et al., 2015; Kontos et al., 2012; Laliberté Durish et al., 2018) .
Our observation of decreased amygdala activity to emotional faces is, however, in line with behavioral studies of emotional recognition in more severe forms of brain injury. For example, adults with severe TBI have problems interpreting and matching facial expressions to social situations (Knox & Douglas, 2009 ), impairments in face recognition or difficulties in emotional visual discrimination (Croker & McDonald, 2005; Green et al., 2004) , and problems recognizing negative facial expressions (Hopkins et al., 2002; Marquardt et al., 2001; Rosenberg et al., 2014) .
The amygdala is critically involved in emotional face processing (Fusar-Poli et al., 2009; Sabatinelli et al., 2011) , including visual attention to emotional salient features (Ralph Adolphs, 2002; Radice-Neumann et al., 2007) and internal replication of emotional experiences (Bastiaansen et al., 2009; Iacoboni & Mazziotta, 2007) . Thus, as articulated elsewhere (Neumann et al., 2014) , decreased amygdala activity in response to emotional faces in adolescents with PPCS could represent decreased attention to emotionally salient facial features or difficulties in the reproduction of the emotions expressed in the facial stimuli. Additional research is needed to determine the effects of concussion and PPCS on specific aspects of emotional recognition (e.g., perception versus replication), particularly given the known sensitivity of the amygdala to brain injury (Beauchamp et al., 2011; Bigler, 2007; Wilde et al., 2007) .
Abnormalities in emotional processing associated with concussion and PPCS might have important clinical implications. Emotional processing, and the processing of emotional faces in particular, is critical for successful social interactions and interpersonal relationships and has been associated with emotional dysregulation (Addington et al., 2008; Cooper et al., 2014; Knox & Douglas, 2009; Pettersen, 1991; Radice-Neumann et al., 2007) Evidence suggests that brain injury, including concussion, can result in social and behavioral problems that negatively affect quality of life (Ellis et al., 2015; Haagsma et al., 2015; Petchprapai & Winkelman, 2007; Zamani et al., 2019) .
For example, a recent large-scale study found that children with PPCS had significantly lower quality of life scores including physical, emotional, social, and school functioning impairments at 12 weeks post-injury compared to children without PPCS (Novak et al., 2016) . It has been hypothesized that deficits in emotional recognition represent one potential cause for social and behavioral problems observed in more severe TBI patients, as TBI patients with facial affect recognition deficits often have inappropriate social interactions and emotion dysregulation (Cooper et al., 2014; Kelly et al., 2008; Knox & Douglas, 2009; Neumann et al., 2014; Osborne-Crowley & McDonald, 2018; Sabaz et al., 2014) . Thus, it is possible that social problems associated with PPCS could be a result of, or exacerbated by, deficits in emotional processing.
Ultimately, we are unable to determine the etiology of emotional processing deficits or psychological symptoms in adolescents with PPCS. We are also unable to infer causality between concussion, the observed amygdala hypoactivity, and psychological symptoms. As discussed, the observed abnormalities could be a result of the mechanical or secondary injury mechanisms affecting the middle temporal lobe (Bigler, 2007) . Conversely, it is possible that the observed differences are reflective of unmeasured pre-existing factors or psychosocial factors (e.g., removal from typical social interactions or sport activities).
The current study has additional limitations that should be considered. First, the overall sample was relatively small. However, we carefully screened concussion patients to exclude several potentially confounding factors, such as premorbid psychiatric and neurodevelopmental disorders (Iverson et al., 2017) . Nevertheless, pre-injury data is not available (e.g., scanning, preinjury psychological symptoms) and we cannot definitively determine whether observed differences were result of the concussion or reflect preexisting differences in the participants. In addition, this study was cross-sectional in nature with a single visit. Finally, there are alternative voxel-wise approaches to analyze task-related fMRI data that could be used to investigate limbic system activity and connectivity during emotional face processing, such as independent component analysis and psychophysiological interactions. Future research in larger samples could extend the current findings to investigate functional connectivity of the limbic system during emotional processing. Moreover, additional research is needed to determine the time course of recovery for the observed abnormalities in emotional processing and their relationship with symptom recovery.
Conclusions
Results from this pilot study suggest that concussed patients with PPCS have altered amygdalae activity during processing of emotional face stimuli. Follow-up studies are needed to confirm this hypothesis, isolate specific aspects of emotional processing that are affected by PPCS, and to determine the role of these abnormalities in adverse social and emotional outcomes associated with PPCS. and recovery after pediatric traumatic brain injury. In Experimental Neurology.
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